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ABSTRACT
The AL6XN Super Austenitic Stainless Steel alloy is a commonly used steel in corrosive environments 
and tough applications. This paper aims to investigate the execution of a machining process on the 
AL6XN alloy. A wet machining process has been executed to machine the alloy under a combination 
of various cutting conditions using an up milling approach. Two cutting speeds, two cutting depths 
and two feeds were used. The outputs obtained and listed in this paper are the microstructure analysis, 
surface microhardness and the chip morphology. The microstructure of the AL6XN alloy was revealed 
using Electron Microscope and Electron Backscatter Diffraction (EBSD). Work hardening layer was 
located in the subsurface of the machined alloy. EBSD data assured that no phase transformation was 
occurred within the deformed microstructure due to machining. The chip cross-section was revealed 
to identify the presence of the shear bands and to calculate the alloy serration degree.
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Chip Morphology, Machinability, Microstructure Analysis, Super Austenitic Stainless Steel, Surface 
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INTRodUCTIoN
Austenite stainless steel (ASS) is distinguished from typical stainless steel by its chromium content, and 
has high ductility, extraordinary strength and toughness, and corrosion resistance (Abou-El-Hossein 
& Yahya, 2005; Fonda et al., 2007). The AL6XN alloy is a variety of ASS but it has been developed 
into a Super Austenitic Stainless Steel (SASS). The AL6XN SASS alloy is suitable for use in nuclear 
power and marine, food and chemical industry applications owing to its elevated resistance to corrosion 
(Koutsoukis et al., 2013). However, high percentages of alloying elements in the microstructure of 
the material affect its properties when applied to various manufacturing processes.
Machinability is the intrinsic ability of a material to deliver satisfactory performance when it is 
subjected to metal removal processes to form or shape a specific part that has a high surface finish 
obtained at a low cost (Lalbondre et al., 2013). The machinability of any work material depends on the 
properties of the material, the cutting tool geometry, the level of process parameters and the machining 
environment (i.e. dry or wet machining) (Kalpakjian & Schmid, 2014). A poor machinability feature 
of ASS is related to the work hardening layer produced that, along with its low thermal conductivity 
properties, produces segmented and serrated chips during the machining process. Vibrations owing 
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to high cutting forces associated with cutting tool failure are a possible consequence when segmented 
chips are created. Surface microstructure and microhardness variations are utilised as quality indicators 
of the machined surfaces (Jang et al., 1996). Surface integrity, especially surface microhardness, is an 
essential factor when excessive mechanical and thermal loads are requested for special applications 
such as pumps and transformers (Grzesik et al., 2005).
Previous studies have been conducted to measure the microhardness values during the machining 
of materials that are difficult to machine. The authors of the present paper previously conducted milling 
machining trials on the AL6XN SASS alloy (Polishetty et al., 2015). Surface microhardness, cutting 
forces and surface roughness of the machined alloy were investigated. Surface microhardness and 
roughness values increased at low cutting speed whereas the cutting forces increased at high cutting 
speed, feed rate and depth of cut. In another study, microhardness measurements were estimated 
during machining of duplex stainless steel (Bordinassi et al., 2006). Coated carbide tools were 
utilised during wet turning operations to cut the material. Microhardness measurements commenced 
at the deformed layer of the machined surface down to the undeformed layers. The microhardness 
values of the austenite phase increased near the machined surface owing to high deformation rates 
that occurred in the austenite grains during the cutting process. Microhardness measurements and 
metallography analysis have also been studied for the AISI 316 ASS (Belluco & De Chiffre, 2002). 
A drilling machine performed the cutting process and a Vickers microhardness indenter was utilised 
for gathering the hardness values. Researchers acquired the maximum value of the microhardness 
at a distance equal to 15 µm from the machined surface. The thickness of the work hardening layer 
in the machined material was up to 240 µm. In another study, microhardness measurements and 
microstructure analysis were carried out to identify the cold work hardening layer during machining 
of AISI 316 ASS alloy (Ben Moussa et al., 2012). The alloy was cut with a carbide cutting tool and 
a turning machine under a combination of cutting parameters. The findings revealed the existence 
of high microhardness values when a high cutting speed was applied with a medium depth of cut. In 
a separate study, a comparison of the microhardness measurements was executed between machined 
duplex stainless steel and carbon steel (Bouzid Saı̈ et al., 2001). Extreme microhardness values were 
discovered near the machined surface of the duplex stainless steel compared to the carbon steel, owing 
to the high strength of duplex steel, which exhibited high thermal and mechanical reaction during the 
cutting process. The depth of the work hardening layer increased when a high feed rate was applied. 
Higher feed rates increased the chip thickness and the contact length between the chip and the cutting 
tool. Therefore, the temperature increased in the same direction as the applied feed, which caused 
elevated microhardness values. The depth of the work hardening layer has also been investigated when 
duplex stainless steel was machined under wet and dry turning operations (Krolczyk et al., 2013).
Various cutting speeds were applied and the microhardness was recorded. Results showed that 
the depth of the hardening layer increased when dry cutting conditions were executed. In addition, the 
high radius of the cutting edge influenced the depth of the hardening layer and increased its thickness. 
However, the depth of the hardening layer increased with increasing cutting speed, whereas the 
microhardness value decreased. Chip morphology studies have been conducted during machining of 
stainless steel alloys. A study was conducted on X5 CrMnN 18 18 ASS to assess the alloy machinability 
process owing to chip morphology (Paro et al., 2001). Various turning trials under a range of cutting 
speeds were applied. Scanning Electron Microscopy (SEM) images displayed the serrated edges 
within the chip’s free surfaces. In addition, the chip cross section indicated the occurrence of sever 
deformation and the presence of shear bands. Turning tests have been executed to observe chip 
formation prediction on heat-treated AISI 304 ASS and serrated chips were collected (Jiang et al., 
1997). Measurements of work hardening and secondary shear zone thickness were determined and 
a comparison between the outcomes presented.
Machinability trials have been performed on different types of AISI ASS alloys (Akcan et al., 
2002), with deformation layers and chip morphology examined. The mechanism for chip formation 
has been investigated during the machining of two duplex stainless steel alloys (Nomani et al., 2015). 
A drilling machine was utilised to cut the SAF 2205 and SAF 2507 duplex alloys under selected 
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cutting parameters. Chip morphology was observed for both alloys and machinability assessment 
was performed. Machinability of Inconel 718 austenite super alloy has been executed under milling 
operations to optimise the applied cutting parameters (Nandkumar et al., 2015). Researchers used 
the surface microhardness as well as the surface roughness and deflection results in the evaluation 
of the optimum cutting parameters. Dry turning operations have been utilised to machine AISI H13 
tool steel (Hrishikesh et al., 2015), with the researchers applying a high-speed machining process to 
optimise the cutting parameters based on the surface integrity results. The obtained results revealed 
that the feed rate had significant effects, followed by the depth of cut, on the surface integrity during 
the cutting process. Turning machining processes have been utilised to machine AISI H-13 hardened 
tool steel (Usama, 2016), with the aim to develop a finite element model representing an oblique 
cutting process that is dependent on the data gathered by the experiments such as the surface integrity 
and the cutting forces.
From the literature, it can be seen that various machinability tests have been conducted on 
numerous austenite and duplex stainless steel grades; however, there exists a research gap in the 
literature regarding the machinability of SASS grades. Therefore, the present study aimed to perform 
machining tests on the AL6XN SASS alloy under milling operations and selected cutting conditions. 
Machinability aspects such as microstructure analysis, surface microhardness and chip morphology 
were analysed for each cutting trial, and a correlation between the results is presented.
EXPERIMENTAL dESIGN
The AL6XN SASS alloy was subjected to a spectrometer test to reveal its alloy chemical composition. 
Table 1 lists the most important alloying elements obtained from the alloy’s microstructure. The 
AL6XN SASS alloy has high chromium (Cr), nickel (Ni) and molybdenum (Mo) values of 21%, 
24% and 6%, respectively, which might influence the machining results. SPINNER make 5-axis 
CNC milling machining centre of Sinumerik 840D CNC controlling system was used to machine the 
material. The cutting inserts used in this test were ISCAR HELIDO 490-09 inserts.
The inserts had a “SUMO TEC” surface treatment and were coated with TiCN + TiN PVD coating 
layers. Each cutting insert had four cutting edges of 0.8 mm nose radius. The inserts were attached 
to the tool holder, which had a length of 25 mm and diameter of 16 mm. The cutting conditions were 
selected based on earlier studies of the machinability of ASS as well as recommendations from the 
tool maker ISCAR Company. Table 2 shows the designated cutting conditions for the experiment. 
Side by side eight cutting trials were performed using a new cutting edge per trial to ensure the 
tool wear remained constant for all trials during the experiment. The cutting trials were performed 
under a phenol 2.8% coolant mixed with water in a ratio of 1:10. The block material was fixed on 
the dynamometer of the milling machine as shown in Figure 1. Chips were collected at the end of 
each cutting trial and stored until further analysis. After completing the eight cutting trials, the block 
material appeared as shown in Figure 2.
Samples having cross-sectional surfaces were extracted for each cutting trial as shown in Figure 
3. Samples were mounted and grinded with 600# and 1200# grinding papers to remove any defects 
and oxidant layers. The full polishing procedure consisted of using 9, 6, 3, 1 µm and OPS polishing 
pads were used to obtain mirror like surfaces without any scratches and deformations (Figure 3). 
Obtaining flat, clean and high quality polished surfaces is an important step to ensure precision 
during the measuring process.
Table 1. Chemical composition (weight %) of AL6XN SASS alloy
Fe C Mo Cu Ni Cr N P Mn S Si
47.06 0.0259 6.066 0.3183 24 21 0.1313 0.044 0.3696 0.00163 0.3586
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Scanning Electron Microscope (SEM) and Electron 
Backscatter diffraction Analysis (EBSd) Application
A SEM Zeiss Leo 1530 microscope was utilised to inspect the microstructure of the machined surfaces 
in regards to the applied cutting parameters. An EBSD detector was utilised to reveal the deformation 
within the subsurface grains. The procedure for the EBSD analysis included application of 20 KV 
voltage, high current mode on, 60 µm aperture, 176 mm EBSD detector insertion and 4 × 4 binning 
mode. The sample was attached to the stage and tilted to a 70 ° angle. Channel 5 software was utilised 
to reduce any noise in the created map and to produce maps of the deformed layer.
Table 2. Designated cutting conditions
Trial Cutting Speed (m/min) Feed/Tooth (mm/tooth) Axial Depth of Cut (mm) Coolant
1 100 0.1 2 on
2 100 0.1 3
3 100 0.15 2
4 100 0.15 3
5 150 0.1 2
6 150 0.1 3
7 150 0.15 2
8 150 0.15 3
Figure 1. Experimental set up
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Microhardness Measurements
A microhardness measurement test was performed on the AL6XN SASS alloy using a Vickers 
microhardness device. A Vickers test is preferred for estimating the microhardness in tougher metals, 
those with a limited surface area or those in a particular phase, owing to the shape of its indenter 
(Brandt & Warner, 2005). The polished sample was fixed under the indenter to be ready for the 
measurement step. The applied load was adjusted to 200 g during the test.
Figure 2. Eight cutting bays on the block material
Figure 3. Cross section samples from the extraction and preparation processes ready for the analysis stage
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The microstructure of the AL6XN SASS alloy was investigated in the before and after machining 
samples. The cross section of the sample was extracted from each cutting area to locate the deformation 
layer generated after the cutting process.
A SE2 detector was utilised to observe the cross-sectional surfaces. Figure 4A and B illustrate 
the captured images in the before and after machining samples (owing to space limitations, only SEM 
images of the before machined material and the after machined sample 1 are shown in Figure 4). It 
can be seen from Figure 4B that the layer located near the top of the machined surface was deformed 
owing to the work hardening. The work hardening layer is created by the dislocations movement 
(Johansson & Odén, 2000), which in turn eliminates the presence of the twins in the deformed 
microstructure. In this layer, the grains were deformed and the annealing twins disappeared. Typical 
annealing twins within the austenite microstructure that can be indexed in the EBSD maps have a 
misorientation angle of 60 ° in the <111> plane as shown in the undeformed layers in Figure 4C 
and D. The annealing twins in the machined layer disappeared owing to the deformation process as 
the misorientation angle changed and reduced due to dislocations movement (Belyakov et al., 2002; 
Wroński et al., 2012). The depth of the deformed layer was measured and was up to 20 µm. Low 
angle Grain Boundaries (LAGB) were created as a result of the deformation process and presented 
in the white lines as shown in Figure 4C, while the deformed grains caused by the machining process 
were revealed when the EBSD data was processed with Channel 5 software. The deformed grains 
were coloured with a red colour as shown in Figure 4D. In addition, EBSD data analysis showed no 
existence of transformation from the austenite phase to the ferrite phase during the cutting process.
Figure 4. SEM images: (A) Cross section of base material sample; (B) Cross section of after machining sample; (C) EBSD band 
contrast map for the deformed layer and grains; (D) EBSD mapping of the deformed layer and grains
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Surface Microhardness
The before machining sample was tested first, with a microhardness value of 190 HV recorded. 
This value was then used to compare the changes in the microhardness values in the before and after 
machining samples. The microhardness measurements of the after machining samples began at a 
position near the top machined surface and eight positions below this were selected. A step of 5 µm 
between any two positions in the Y-direction was nominated as shown in Figure 5.
Three readings were recorded in the X-direction at each position to ensure precision, with the 
results illustrated in Figure 6 and 7 for samples machined at low and high cutting speeds, respectively. 
The results demonstrate an increase in the microhardness values for almost all the after machining 
samples when compared with the before machining samples.
The surface microhardness obviously increased after the cutting process compared to the 
microhardness value of the undeformed material. Such an increase was probably related to the work 
hardening effects that resulted from the deformation and dislocation accumulation in the machined 
surfaces (Saı et al., 2001). In addition, the hardening layers presented in all the cutting trials had a 
thickness of 15–20 µm, as shown in Figure 6 and 7. A maximum microhardness value was obtained 
during trial 3 where the high feed rate was applied. Using high feed during the cutting process will 
increase the contact length between the tool and the workpiece (Bouzid Saı̈ et al., 2001). Therefore, 
the cutting tool will remove a thick chip, increasing deformation and work hardening and cause 
a higher microhardness value. When low cutting parameters are applied to machine material, the 
chromium carbides are formed and precipitated onto the material microstructure. These carbides are 
considered brittle, abrasive and hard particles that increase the surface microhardness during the 
cutting process. The minimum microhardness value achieved was when the cutting speed switched 
from 100 to 150 m/min during trial 5.
Figure 5. Estimation of the positions for the surface microhardness measurements beginning from the top machined surface
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Chip Morphology
Figure 6. Surface microhardness for the samples machined at low cutting speed
Figure 7. Surface microhardness for the samples machined at high cutting speed
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During the machining of the AL6XN SASS alloy, chip morphology was investigated for all machining 
trials. All produced chips had a curled shape apart from in trial 7 where the chip was thin and straight 
as shown in Figure 8 and 9. In addition, all the obtained chips were discovered to be discontinued. 
Investigation of chip morphology indicates the behaviour of the material when it is being machined 
and processed. ASS is characterised by its ductile behaviour, low thermal conductivity and high work 
hardening; therefore, serrated and segmented chips will form with a varied degree of serration based 
on the applied cutting conditions (Fernández-Abia et al., 2011).
The chip free surface was examined under the SEM detectors as shown in Figure 10. In all 
presented chips, a serrated end was observed. It has been reported that ASS forms serrated chips of 
various lengths when cutting speeds up to 150 m/min are applied (Sullivan et al., 1978). The shear 
lamellar layers, as reported and described in (Fernández-Abia et al., 2011), were visible and could 
be seen in all of the formed chips.
In Figure 10, lamellae in the eight inspected chips were uniform and had nearly the same width 
regardless of the applied cutting conditions. It has been reported when a cutting speed range from 37 
to 300 m/min is applied to machine ASS, a lamellar structure of constant thickness in the chip free 
surface will appear (Fernández-Abia et al., 2011). Figure 11 and 12 show the edges of gained chips 
from the eight cutting trials. When the creation of the serrated edge begins, the intensity of the shear 
layers increase, curl and become non-uniform (Figure 13) owing to high localised deformation. Based 
on the low thermal conductivity of the workpiece and the produced work hardening, the generated 
heat will not be evacuated quickly throughout the material (Zhang & Guo, 2009). Therefore, high 
deformation was localised in the primary shear zone and moved towards the serrated end of the chip, 
which resulted in the presence of non-uniform shear lamellae in that area. When a high depth of cut 
and low cutting speed were utilised, the edges of the formed chips showed high serration behaviour 
(trials 2 and 4). Highly serrated edges were also established when the low depth of cut and high 
cutting speed were applied in trials 5 and 7.
Figure 8. Formed chips (trials 1–4) at low cutting speed of 100 m/min
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Figure 9. Formed chips (trials 5–8) at high cutting speed of 150 m/min
Figure 10. SEM images of the morphology of the chips’ free surfaces for the eight cutting trials
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The effects of cutting conditions on chip morphology during machining different materials has 
been reviewed in early studies (Guo & Yen, 2004; Korkut et al., 2004; Molinari et al., 2002; Salem et 
al., 2012). In the present study, Figure 12 shows that when the cutting speed increased to 150 m/min, 
the size and number of serrated edges increased. Owing to certain AL6XN SASS alloy properties 
such as low thermal conductivity and high ductility, a thermal softening is likely to occur during the 
cutting process. Although the applied machining was wet, an instant localised temperature and heat 
in the shear zones could be enough to form this thermal softening. Thermal softening, as reported 
in (Barry & Byrne, 2002; Shi & Liu, 2006) can result in the creation of the serrated chip. Another 
factor causing the serration phenomena is the existence of shear bands throughout the cutting process 
(Hou & Komanduri, 1997). Therefore, the chip cross section was mounted, polished and inspected 
using a SEM Angular Selective Backscatter (AsB) detector as shown in Figure 14, which revealed the 
locations of the adiabatic shear bands within the chip cross section. The microstructure in the shear 
bands suffered from severe deformation due to the localised cutting temperature, thermal softening 
and work hardening.
The serration degree of the machined alloy was evaluated with respect to the cutting speed and 
the feed rate. Formed chips from the eight cutting trials were mounted, grinded and polished up to 1 
µm and inspected under an optical microscope. The cross section of the chips revealed the presence 
of serrated edges with varying degrees of serration. According to (Koyee et al., 2015), the serration 
degree H of the chip is the value of the chip peak thickness hmax divided by the chip valley thickness 
hmin. A continuous chip will form during machining if the H value is equal to one, whereas higher H 
values result in higher serrated chips. However, the overall serration degree of the machined alloy in 
the present study was equal to the average value of the serration degrees of the eight cutting trials. 
Figure 15 shows the serrated chip cross section and the locations of hmax and hmin in the serrated edge.
Serration degrees of the eight cutting trials were calculated and are graphically presented in 
Figure 16, where it can be seen that the serration degree was highly influenced by the cutting speed 
Figure 11. SEM images for the chips serrated edges (chips of trials 1–4 were produced at low cutting speed of 100 m/min)
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Figure 12. SEM images for the chips serrated edges (chips of trials 5–8 were produced at high cutting speed of 150 m/min)
Figure 13. Accumulation of the non-uniform shear layers in the serrated edges of the chips produced in trials 5 and 6
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and feed rate. Serration degrees of 6.91 and 3.56 were recorded at high cutting speed and feed rate 
in trials 8 and 5, respectively, whereas the lowest value of the serration was discovered during the 
low cutting speed in trial 3. The overall serration value of the machined alloy was evaluated from the 
eight cutting trials and found to be equal to 3.18, which is a high serration degree.
CoNCLUSIoN
AL6XN, SASS alloy is a highly alloyed stainless steel used in corrosive environments. The alloying 
elements enable the material to resist various types of corrosion. Contrary, the same alloying elements 
present in the material are considered detrimental factors to the machining process. The grains, grain 
boundaries and the annealing twins crashed and deformed due to the generated work hardening. EBSD 
data showed the formation of LAGB as well as identified the deformed grains near the machined 
surface. The following conclusions were reached during the present study:
• Phase transformation process did not occur in the microstructure of the deformed surfaces based 
on the analysed EBSD data;
• Vickers microhardness measurement was applied to the before machined and the cross section 
of the after machined samples to observe the microhardness change with respect to the cutting 
parameters, and to estimate the depth of the work hardening layer. The pre-machined material 
had a microhardness value of 190 HV, whereas all the post-machined samples had elevated 
microhardness with a maximum up to 303 HV in trial 3. The work hardening layer was discovered 
as having a depth of 15–20 µm;
• Chip formation was investigated for the eight cutting trials. SEM images show that the shear 
lamellar layers were arranged uniformly throughout the chip. High intensity of the deformed and 
Figure 14. Existence of shear bands in the chip cross section
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Figure 15. Estimation of the chip cross section thickness and serration degree
Figure 16. Estimation of the machined alloy serration degree with respect to the applied cutting speed and feed rate
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curled shear layers was found in the serrated edge of the chip. In addition, shear bands in the chip 
cross sections were constructed owing to the alloy properties and the machining cutting conditions;
• Serrated edges of the produced chips were discovered to be enlarged in size and number along 
the chip sides when a high cutting speed of 150 m/min was applied;
• Serration degree of the produced chips in the eight cutting trials were estimated. When high 
cutting speed and feed rate were applied, the serration degree was increased. Maximum serration 
was equal to 6.91 and was located in the chip of cutting trial 8. Overall serration degree of the 
machined alloy was equal to 3.18, which is the averaged value of the eight cutting trials and is 
considered a high serration value.
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